We have measured time-resolved the photon storage time and the quality factor of an ultrafast photonic cavity using an autocorrelator. The cavity consists of a λ-thick GaAs layer sandwiched between GaAs/AlAs distributed Bragg reflectors and resonates at 985 nm wavelength. The inverse relative linewidth measured with white light reflectivity is 830, while the quality factor obtained from the time resolved measurements is 1500. The photon storage time in the cavity is 0.78 ps. We show that the difference between the quality factor and the inverse relative linewidth results from inhomogeneous broadening of the microcavity resonance due to a spatial gradient in the cavity layer.
INTRODUCTION
Since light is extremely elusive there is a great interest to store photons in a small volume for a certain time. Storage of photons in an applicable way can be achieved using solid state cavities. Tanabe et al. used cavities to create large pulse delays with small group velocities by storing light in a cavity inside a 2D photonic crystal slab [1, 2] . Another application where storage of light in a cavity plays a crucial role is changing the color of light as was studied by Preble et al. [3] . Ultimately, with a microcavity the strong coupling regime of cavity quantum electro dynamics can be entered [4, 5] . In the strong coupling regime a cavity and a two level system together form a new set of states. Normal-mode splitting of a coupled exciton-photon mode was observed in a planar microcavity [6] . Other interesting experiments have been performed on planar cavities, e.g Bose-Einstein condensation of exciton polaritons [7] and the investigation of the limitations of a scanning Fabry-Pérot interferometer [8] .
An important characteristic parameter of a cavity resonance is the storage time of light τ cav . The storage time is defined by the response of the cavity resonance to a Dirac pulse. Excitation of the electromagnetic field in a cavity was studied in [9] . The response to the Dirac pulse is given by an exponential decay of the intensity I(t) in the cavity resonance [10] :
with I 0 the initial intensity that the pulse stores in the cavity. However, in more complex cavities the behavior of the cavity can be very different from the single exponential case [11] . To compare cavities independent of their resonance frequencies ω 0 , the widely used figure of merit is the resonance quality factor Q, which is defined as:
Physically, the quality factor is proportional to the ratio between the total energy stored and the energy lost per cycle. At optical frequencies a cavity with a feasible high quality factor of Q = 10 6 is relatively slow with a response time in the order of nanoseconds. A cavity with a moderate quality factor Q = 1000, however, is fast with a response time of picoseconds. The picosecond timescale allows ultrafast access and storage of light in the cavities. A common procedure to estimate the quality factor of a cavity is to measure a transmission or reflectivity spectrum and extract Q from the relative linewidth of the cavity resonance [3, 4, 5, 12, 13, 14, 15] . For a single resonance without dephasing, one can use the Wiener-Khintchine theorem, which relates the field autocorrelate to the intensity spectrum, to obtain
However, if there is significant dephasing, e.g. due to inhomogeneous broadening or thermal noise, ∆ω will in general be larger and Q > ω 0 /∆ω. From many resonating systems in condensed matter and solid state physics, it is known that besides homogeneous broadening there is also the possibility of inhomogeneous broadening of a resonance [16, 17] . In the case of an ensemble of resonators inhomogeneous broadening of a resonance results from inhomogeneities in the resonance frequency. If the resonance frequency is different for each resonator the linewidth of the ensemble is broader than the linewidth of a single resonator and the ensemble linewidth is typically determined by the distribution of resonance frequencies. In the case of inhomogeneous broadening the linewidth will only give a lower boundary for the range of possible Q values. The true quality factor must in this case be determined from dynamic measurements.
A dynamic measurement to determine the quality factor is a cavity ring down experiment as was treated in [18] . In this case a cavity is excited by a pulse and the intensity emitted from the cavity is measured as a function of time. In the case of storage times in the order of nanoseconds and very high quality factors (Q = 10 6 ) time correlated single photon counting can be used to determine the storage time [1] . In our case of ultrafast cavities that decay on a ps timescale with moderate quality factor (Q = 1000), an intensity autocorrelation function is the method of choice for determining the quality factor.
The normalized correlation function that is measured is an intensity autocorrelation function G 2 , which is given by [19] 
where τ is the delay time between the pulses from each of the interferometer branches, I 2 0 is equal to maximum value of the unnormalized autocorrelation value, and I(t) is the time dependent intensity. There is no phase in equation 4, which means that this is the proper autocorrelation function, also in case of dephasing. The autocorrelate has its maximum at delay τ = 0, when the pulses in the two branches of the Michelson interferometer overlap. For example the autocorrelate of a Gaussian pulse is given by a Gaussian shape, where the width of the input pulse τ ip and the autocorrelate are related as τ ac = (2)τ ip . From the autocorrelate of a pulse stored in the cavity resonance, the storage time can be found from the full width at half maximum τ FW HM of G 2 , with τ cav = 0.63τ FW HM .
EXPERIMENTAL
Our structure is a planar cavity that consists of a GaAs λ-thick layer (277 nm thick), sandwiched between two Bragg stacks. One Bragg stacks consists of 12 and the other Bragg stack consists of 16 pairs of λ/4-thick layers of nominally pure GaAs or AlAs. The same structure was studied in Ref. [15] . The sample was grown at CEA in Grenoble by means of molecular beam epitaxy at 550 o C [20] . For experiments outside the present scope the sample was doped with 10 10 cm −2 InGaAs/GaAs quantum dots, which hardly influence our experiment [28] . There is a spatial gradient in the cavity thickness of δd δx = 5.64 nm/mm [21] . The spatial gradient results in a position dependent resonance frequency. In our measurements we average the transmitted intensity over the area of the focal spot. The different resonance frequencies cause the resonance to broaden inhomogeneously.
White-light reflectivity and transmission were measured with a broadband white-light spectrometer setup with a spectral resolution of about ∆λ = 0.2 nm [22] . The transmission spectrum was measured with a collimated beam with a diameter of 2 mm. The reflectivity spectrum was measured with a glass objective with a numerical aperture NA = 0.05 and a focus diameter of 100 µm. The reflectance spectrum of a gold mirror was used as a reference.
For pulse transmission and the intensity autocorrelate, we used a Titanium Sapphire laser that emits τ ip = 0.115 ps pulses at λ = 800 nm at a repetition rate of 1 kHz (Hurricane, Spectra Physics). The laser drives an optical parametric amplifier (OPA, Topas 800-fs, Light Conversion), which generates the pulses used to probe the photonic cavity. The center wavelength of the OPA pulses can be tuned between 450 nm and 2400 nm. We used a fiber optic spectrometer (USB2000, Ocean Optics) to measure transmission spectra of the femtosecond pulses. We measured with an unfocused collimated beam with a spot diameter of 2 mm, and a numerical aperture NA = 10 −4 . The intensity autocorrelation function was measured using a Pulse Check autocorrelator (APE GmbH). The autocorrelator consists of a Michelson interferometer with a scanned delay path and a nonlinear crystal that generates second harmonic light. The autocorrelator has a maximum range of 15 ps with a resolution of 1 fs. We used the same beam parameters as in transmission. The intensity on the sample is 100 kW cm −2 , sufficiently low to avoid non-linear effects.
Simulations were performed with the finite-difference timedomain (FDTD) method using a freely available software package with subpixel smoothing for increased accuracy [23] .
EXPERIMENTAL RESULTS
In figure 1 A we show the reflection and transmission spectra of the planar cavity. A prominent stopband with a reflection of 100 % and a transmission of 0 % is visible. Outside the stopband a Fabry-Pérot fringe pattern is visible, while inside the stopband a narrow trough in reflection and a narrow peak in transmission mark the position of the cavity resonance. An effect of the spatial gradient in the cavity thickness is visible in the spectra in figure 1 B: The frequencies of the peak and trough, which are measured at different sample position, differ slightly. Reflectivity and transmission measurements on the same spot are shown as an inset in figure 1 B. The trough and the peak are clearly at the same wavelength as expected.
The solid line in figures 1 A and 1 B represents a transfer matrix (TM) calculation, with fixed complex input parameters n GaAs [24] and n AlAs [25] . The thickness of the λ/4 layers (d GaAs = 70.2 nm and d AlAs = 83.2 nm) and the thickness of the cavity (d cav = 277 nm) were obtained by fitting the results of the calculations to the measured spectrum. These values are in agreement with expected values from the fabrication process. The calculation fits well with respect to frequency and amplitude. The reflectivity of the measured stopband is higher than the calculated value of 100 % because of a small systematic error in the gold reference spectrum.
It is apparent from figure 1 B that the calculated linewidth of the cavity resonance is narrower than the measured linewidth. We attribute this discrepancy to inhomogeneous broadening of the measured linewidth, due to the spatial gradient in the cavity layer thickness. With the 100 µm diameter spot we average over different positions and therefore over different resonance frequencies. Broadening due to a spread in wavevectors can be neglected since the numerical aperture of the impinging beam was made very small (NA < 0.05), as opposed to [15] , where a high NA was used. We find that the relative linewidth in both reflection and transmission equals λ 0 ∆λ = 830, with ∆λ the full width at half maximum (FWHM) and λ 0 the resonance wavelength. The transfer matrix calculation yields an inverse relative linewidth of 1640 ± 100, about double the value of the inverse linewidth measured with white-light spectroscopy.
We measured the intensity autocorrelation traces to determine the true storage time and Q of the cavity resonance with a time-resolved measurement. Figure 2 shows the autocorrelation traces at values of the center wavelength of the OPA, λ OPA = 930 nm (A), λ OPA = 985 nm (B) and λ OPA = 1070 nm (C). All figures show that the pulses that are transmitted
FIG. 2:
Normalized intensity autocorrelation traces of pulses transmitted through a planar cavity at different OPA wavelength settings: 930 nm (A), 985 nm (B) and 1070 nm (C). The autocorrelation traces of the input pulses are given by the circles, while the autocorrelation traces of pulses transmitted through the cavity are offset by 0.9 and given by squares. The dashed and solid lines are fits to the autocorrelation traces, without and with sample respectively. The shape of the autocorrelation trace is Gaussian for the pulses from the OPA. The pulses that are on resonance with the cavity show an autocorrelate that agrees very well with the autocorrelation trace from the damped oscillator model (B). The shape of the pulses transmitted through a non-photonic range of the sample remains Gaussian.
through the sample are broader than the input pulses. The width of the input pulses is τ ip = 0.115 ps and the shape Gaussian, which we expect from the specifications of our laser system. The transmitted pulses are broadened by dispersion in the off resonance cases (A) and (C). In the case of figure 2 B the broadening is the result of the storage of the photons in the cavity.
The shape of the autocorrelation trace of the transmitted pulses is Gaussian for pulses transmitted outside the stop band, as expected. The autocorrelation traces measured on resonance with the cavity (B) are non-Gaussian. This is typical for autocorrelation traces near the cavity resonance, because of the exponential decay of the energy stored in the cavity. The autocorrelation traces calculated with a damped oscillator model is shown in figure (B) and fits the experimental data very well. From the width of the autocorrelation trace on resonance (τ FW HM = 1.1 ps), we conclude that the true storage time of our cavity is τ cav = 0.78 ± 0.05 ps.
To further analyze the autocorrelation traces we plot the full width at half maximum of the measured autocorrelation traces. The results are shown in figure 3 A as a function of center wavelength of the laser. The width of the autocorrelate The pulses that passed through the sample (squares) are broadened with respect to the input pulses (circles). The solid/dashed line represents the FWHM of a 15 nm spectrally wide input pulse that is transmitted through a 350 µm GaAs wafer that is used as a substrate. (B) Normalized spectrum transmitted through the microcavity, and reference spectra of pulses directly from the OPA. For 935 nm wavelength setting (green squares) the transmitted spectrum consists of the tail of the input spectrum that continues in the region on the blue side of the stop band (blue circles).
of pulses without the sample is τ ac = 0.115 × √ 2 ps and essentially independent of laser wavelength, as expected from the OPA specifications. In the presence of the sample, we observe a more complex dependency on the wavelength, with three regimes: Transmission on resonance, transmission outside the stopband, transmission inside the stopband. Near the cavity resonance the width of the autocorrelate increases drastically to τ FW HM = 1.1 ps. The width of the autocorrelate at the cavity resonance is attributed to the storage of light in the cavity: The storage time of the cavity τ cav = 0.78 ± 0.05 ps and the quality factor is equal to 1500 ± 100.
Outside the stopband the pulses are broadened. The width of the autocorrelate outside the stop band is about 0.2× √ 2 ps. We attribute the broadening outside the stopband region to dispersion in the GaAs substrate. From figure 3A it can be seen that the width of the autocorrelation traces matches well the expected width for a pulse transmitted through a GaAs wafer [26] . The expected width is calculated for a GaAs wafer with a thickness of 350 µm, from the dispersion given by Blakemore [24] .
In figure 3 A, we observe datapoints inside the stopband, where a transmission of 0 % is expected. We measure values for the width that are close to the values outside the stopband. The situation in this case is sketched in figure 3 B where we see the transmitted spectrum with and without sample. We observe that the blue part of the spectrum is transmitted, which means that the measured with of the intensity autocorrelate is the value for the blue side of the stopband.
MODELING
To obtain a physical picture of the decay mechanism inside the cavity and to verify what the true Q is, we model the behavior with a damped harmonic oscillator. We furthermore performed FDTD calculations to calculate the Q of the cavity in the ideal case and to check the validity of the harmonic oscillator model [29] .
The response of a damped harmonic oscillator with Q = 1450 to a Gaussian input pulse with a width of τ ip = 0.2 ps is shown in figure 4 , together with the Gaussian input pulse and the cavity response as calculated with FDTD. No dispersion and no absorption was taken into account for the FDTD calculations. In the harmonic oscillator case and in the FDTD case the intensity decays exponentially and with the same rate. Therefore, we conclude that the harmonic oscillator is a suitable model to describe in a simple way the decay of the microcavity. Furthermore the quality factor of the cavity without absorption and dispersion is equal to Q = 1450 ± 100.
With the damped harmonic oscillator model we have calculated the autocorrelates that are shown together with the measured data in figure 5 for a quality factor of the damped harmonic oscillator Q = 1500 and Gaussian input pulse with width 0.12 ps. Figure 5 shows a very good agreement between the measured autocorrelation trace and the calculated autocorrelation trace for Q = 1500. The autocorrelate obtained from this model has a FWHM of 1.2 ps, which is in very good agreement with the measured value of 1.1 ps.
FIG. 4:
Response of a damped harmonic oscillator with a quality factor Q = 1450 (dashed) to a Gaussian input pulse (solid). The output pulse is the input pulse convoluted with the impulse response of the oscillator. The symbols represent the resulting decay of the intensity in the cavity, as obtained from the FDTD calculation. Table I presents the results of the various methods to determine the quality factor presented in this work. We see that the value for the inverse linewidth found from the transfer matrix model agrees well with the value found from the autocorrelator measurement. The slight discrepancy might be attributed to minor irregularities in the structure. We conclude that the quality factor of the cavity is 1500 ± 100 and the storage time of light 0.78 ± 0.05 ps. The inverse linewidth measured in reflection and transmission with white light spectroscopy is much smaller than the value from autocorrelator No absorption is taken into account in the FDTD calculation, which is the case for the TM model. The inverse relative linewidth of 830 that we find from the transmission and reflectivity measurements is the result of inhomogeneous broadening of the resonance. The origin of this inhomogeneous broadening is most likely the spatial gradient in the λ-thick GaAs layer. Because there is inhomogeneous broadening, the planar microcavity should be viewed as a static ensemble of microcavities of which each resonance frequency is slightly shifted [16] . This is in agreement with the results presented in [27] , where the spatial extent of modes was investigated. The effective radius of the mode is given by r 2 e f f = (Q/2π)(λ/n) 2 . In our case we find a spatial extent in the order of 5 µm, which is much smaller than the diameter of the probe beam. In general our results show that the true quality factor of a planar microcavity indeed can only be obtained from a time-resolved measurement.
CONCLUSION
In the case of an inhomogeneously broadened resonance we have shown that the intensity autocorrelate can be used to determine the storage time of a cavity resonance. For an inhomogeneously broadened microcavity resonance we have measured both the spectral width and the intensity autocorrelation trace. The intensity autocorrelation trace yields a value of the quality factor that agrees well with the values found from transfer matrix and FDTD calculations. The spectral width is affected by inhomogeneous broadening and leads to the wrong value for the quality factor.
